Wind erosion phenomenon is commonly encountered in desert areas, which is harmful to engineering constructions and environment. is study proposed an innovative microbial-induced calcium carbonate precipitation (MICP) technique to reinforce sands for mitigating natural hazards caused by the wind erosion. A series of small-scale laboratory experiments were performed to evaluate wind erosion resistance of MICP-treated sands with different treatment cycles. e spraying method was used to treat sand specimens, and unconfined compression (UCC) strength tests were also conducted to assess the performance of the MICP technique. Experimental results revealed that the bulk density of treated sand was slightly increased with the number of MICP treatment cycles. Additionally, the wind erosion rate of treated sands was significantly decreased, and the UCC strength was increased (maximum to 4 MPa) with the number of treatment cycles, which was mainly attributed to the bonding effect from the microbial-induced CaCO 3 crystals among sand particles based on the scanning electron microscopy (SEM) analyses. Such effect also facilitated to form a hard protection layer on top of the sand specimen in order to improve the wind erosion resistance of MICP-treated sands. is technique provides an alternative method to mitigate and prevent the aggravation of desertification.
Introduction
In arid and semiarid areas, wind erosion often leads to sand movement, destruction of agroforestry, and dust storms. Transporting and excavating these sands in geotechnical engineering causes serious environmental problems, such as soil erosion and air and water pollution. China has a vast territory with a quarter of desert area as shown Figure 1 . In recent years, the desertification becomes very severe and cannot be ignored in the future. e direct adverse impact of desertification is land desertification and erosion, biological reduction, loss of cultivated land, destruction of cities, and so on. More importantly, some of abovementioned impacts are even unrecoverable. Additionally, the desertification also indirectly causes other natural disasters, such as dust storms, smoke, and fog, in many areas that affect the activity or even harm the health of human beings. Hence, it is of great importance to propose a method to mitigate and prevent the aggravation of desertification for sustainable development.
e main methods for desertification control are windbreaks and sand-fixing, such as plant of vegetation and wind-shield walls. In the case of vegetation, plants are less viable due to less amount of water in desert [1] , which requires much maintenance or additional cost. On the other hand, wind-shield wall is likely to cause very serious environmental pollution, and the quality of wall construction cannot be guaranteed owing to the severely adverse working conditions. us, both these methods have some shortcomings including high maintenance costs, low durability, and potential environmental pollution.
Microbial-induced calcium carbonate precipitation (MICP) technique is considered as an environmental and ecological friendly ground improvement and soil reinforcement method [2] . By spraying bacteria and cementation solutions onto the surface of sands, calcium carbonate (CaCO 3 ) is generated and rapidly precipitated into the pore space among sand particles. CaCO 3 also crystallizes in sand pore space as moisture evaporates, eventually increasing the strength of MICP-treated sand, then improving its geotechnical properties [3] . Among the techniques of microbial mineralization, urea hydrolysis has been widely used [4, 5] . e urea-hydrolyzed MICP technique is generally based on urease-producing Bacillus cereus, which uses urea as a source of energy to generate numerous highly active ureases through its own metabolic activity, which hydrolyzes urea to produce NH 4 + and CO 3 2−
. Microbial treatment for reinforcing sands is due to the production of urea generating CaCO 3 under the environment of high concentrations of calcium and ammonium ions [6] as shown in Figure 2 .
e reaction equation is as follows [7] :
As reported [8] [9] [10] [11] [12] , the use of the MICP technique to reinforce sandy soils to improve the soil structure is satisfactory under various environmental conditions. Also, this technique can effectively increase the stiffness, the bearing capacity, and the liquefaction resistance of sandy soils as well as maintain a certain degree of permeability. Moreover, the use of this method to improve soils will not cause any potential environmental pollution as compared to some traditional soil/ground improvement methods using additives such as fly ash, cement, and lime.
Control of soil erosion and dust requires a definition of "effectiveness" of the dust control agent to evaluate the soil's ability to resist erosion on its top surface [13] , but the commonly used dust control agents are generally more costly and less durable, and it may pollute environment. Bang et al. [14] adopted the MICP technique to reinforce sandy soils by spraying bacteria and cementation solutions onto the surface of the sand specimen. It is found that a consolidated thin layer with a certain stiffness was formed at shallow depth of sands after treatment, which demonstrated the MICP technique can effectively improved the wind erosion resistance of sands and suppressed dust. Maryam et al. [15] treated dust samples using biological cement solution and then placed the specimens into a rectangular parallelepiped container to perform a wind blowing test. e results showed that the use of biological cement in dust specimens can significantly reduce the mass loss of dust.
In this study, a series of small-scale laboratory experiments were conducted to reinforce sand using the MICP technique with bacteria and cementation solutions sprayed on top surface of the sand specimen. en, wind erosion resistance tests and uncon ned compression (UCC) strength tests were performed to investigate the performance of MICPtreated sands. e bulk density, the wind erosion rate, and the UCC strength of treated sands were measured and presented. Scanning electron microscopy (SEM) technique was also used to further analyze the mechanism of MICP reinforcement and improvement of wind erosion resistance of MICP-treated sands.
Materials and Methods

Materials.
e sand used in this study is poorly graded silica sand.
e gradation curve of the sand is shown in Figure 3 . It is indicated that the median grain size (D 50 ) was 0.1 mm, the coe cient of nonuniformity (C u ) was 2.5, and the coe cient of curvature (C c ) was 0.51. In addition, the speci c gravity of sand was 2.60 and the minimum (e min ) and maximum (e max ) void ratios were 0.61 and 0.73, respectively. e selected bacteria in this study was Bacillus cereus (i.e., Sporosarcina pasteurii, No. ATCC 11859). e main components of the culture medium included trypsin, soybean peptone, NaCl, urea, and distilled water. e mass of each component in the bacterial solution is shown in Table 1 . Cementation solution was urea-CaCl 2 solution with a concentration of 1 mol/L. Urea provides energy for the growth of microorganisms and su cient carbonate ions, and the CaCl 2 solution provides su cient calcium ions for CaCO 3 precipitation. e mass of each component in cementation solution is shown in Table 2 .
e bacteria is needed to be cultivated and activated in the rst step. Each component in the culture medium was mixed thoroughly and dissolved in distilled water with pH adjusted to 7.0-7.5. en, it was transferred into the sterilization pot for 20 min at 121°C and cooled down for 15 min in the freezer. e bacterial solution was injected and placed in a shaker for 30 hrs at 30°C. en, the bacterial solution was removed which was obviously turbid compared with that before the culture. It is noted that the OD 600 value of each bacterial solution was greater than 1.8, and the electrical conductivity was about 6.275 ms/cm. e activity of monomer enzyme was about 1.1 ms/cm (min·OD).
Test Methods
MICP Tests.
Four test sand specimens (no. 1 to no. 4) were prepared with di erent MICP spraying treatment cycles. 
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It is noted that the specimen number was identical to the number of treatment cycles. e sand specimen (no. 0) was also prepared with only water treatment to compare with the MICP-treated specimen.
e test sand was first air-dried and then transferred into a tray with the dimension of 288 mm × 225 mm × 25 mm. e thickness and mass of the tray were 2 mm and 115 g, respectively. Five percolation holes of diameter of 8 mm were designed and fabricated at bottom of the tray for draining purpose. A six-layer gauze was placed inside the tray above the holes to prevent sand from draining out of the tray. en, predetermined mass of dry sand was placed in one layer at bottom of the tray and compacted using a steel rod. e initial dimension of the sand specimen was 263 mm × 200 mm × 10 mm, so the total volume of the specimen (V) was 520 cm 3 . e initial mass of the sand specimen (M 0 ) was 820 g, and the void ratio was 0.51.
Test procedures of using the MICP technique to treat the sand specimen are described below:
(1) Water of 300 ml was used to spray the five sand specimens (no. 0 to no. 5) from the top surface at a rate of 15 ml/min and then left for 12 hrs under laboratory condition to ensure that the pore space in sands was completely filled with water. is step is aimed at allowing the microorganisms to better adhere to sand particles in the following steps. (2) Bacterial solution of 300 ml was uniformly sprayed onto the four sand specimens (no. 1 to no. 4) from the top surface at the rate of 15 ml/min, while specimen no. 0 was treated with water simultaneously. All the sand specimens were then left for 4 hrs after treatment to allow the bacterial solution uniformly distributed among sand particles. (3) Cementation solution of 300 ml was then sprayed onto the four sand specimens (no. 1 to no. 4) from the top surface at the rate of 15 ml/min, while specimen no. 0 was treated with water in the same way as described in the previous step. e specimens were then left for 4 hr to allow thorough reaction of two solutions.
Step (2) and (3) were considered as one MICP treatment cycle. (4) Test procedures (2) and (3) were repeated for specimen nos. 2, 3, and 4. And water treatment was also conducted on specimen no. 0 in the same way as mentioned above. (5) Microbial-treated sand specimens were cured in laboratory at a temperature of 20°C ± 2°C and relative humidity of 95% for 28 days.
After curing the specimen for 28 days, the mass of each sand specimen (including the sand specimen and the tray) was weighed and denoted as M 28 .
e densities of the specimens were then calculated as below:
where ρ is the bulk density of the sand specimen (g/cm 3 ), M 28 is the total mass of the sand specimen and the tray after curing for 28 days (g), m is the mass of the tray (g), and V is the volume of the specimen (cm 3 ).
Wind Erosion Resistance Tests.
e experimental setup of the fan downstream was divided into three sections: strong wind section, test section, and diffusion section [16] . e strong wind section was 1000 mm in length and less than 400 mm in width; thereby, it was difficult to ensure the stability of the tray. For the test section, the length was 400 mm and the width was greater than 400 mm, so air condition was relatively stable and wind speed was more uniform. e diffusion section was more open in space, which may lead to uneven air flow. To ensure the uniform air flow, the tests were conducted in a large area (5 m × 3 m) in the laboratory.
e fan used in the tests was a duct fan with a rated speed of 2800 rpm and an air volume of 3000 m 3 /h. In order to avoid the movement of the tray during the tests, the tray was fixed before starting the tests to ensure that the air flow travelling through the top surface of the sand specimen was consistent throughout the test period. It is noted that the sand specimen was placed in the middle of the test section, and the test duration was 90 min in this study.
Procedures of wind erosion resistance tests are described below:
(1) After curing the specimen for 28 days, the mass of each sand specimen (including the sand specimen and the tray) was weighed and denoted as M 28 . (2) e sand specimen along with the tray was placed in the test section that is in the downstream of the fan. cementation of MICP treatment on sands, a representative sand specimen was taken at shallow depth after the wind erosion resistance tests to perform scanning electron microscopy (SEM) analyses.
Unconfined Compression (UCC) Strength Tests.
Because of the severe wind erosion in desert due to the wind storm, it is required that the reinforced sandy soils must reach a certain strength (greater than 1 MPa) in order to resist wind erosion. Four cylindrical sand specimens (i.e., no. 1 to no. 4) with 30 mm in diameter and 60 mm in height were prepared with different MICP spraying treatment cycles. Test procedures of the UCC strength tests are as follows:
(1) Four syringes with an inner diameter of 30 mm and a height of 110 mm were selected to prepare the cylindrical sand specimen. Four layers of gauze were first placed at the bottom of the syringe. e test sand was then poured into the syringe and slightly compacted by a steel rod to a level top surface. e height of the sand specimen was 60 mm from the bottom of the syringe. e experimental setup is shown in Figure 4 . (2) Water of 25 ml was used to spray the four sand specimens (no. 1 to no. 4) from the top surface at a rate of 15 ml/min and then left for 12 hrs under laboratory condition to ensure the pore space was completely filled with water in sands. (3) Similar to the test procedures of MICP tests, bacterial solution and cementation solution of 25 ml were uniformly sprayed onto the sand specimen (no. 1 to no. 4) from the top surface at the rate of 15 ml/min. All the sand specimens were then left for 4 hrs and then cured in laboratory at a temperature of 20°C ± 2°C and relative humidity of 95% for 28 days. en, test procedures (3) and (4) were repeated for specimen nos. 2, 3, and 4. (4) e specimen was taken out of the syringe to conduct UCC tests.
Experimental Results
Bulk Density.
After curing for 28 days, the bulk densities of the five sand specimens were calculated and plotted as shown in Figure 5 . It is indicated that the amount of produced CaCO 3 by the MICP technique was increased with an increase in the number of MICP treatment cycles. As a result, the pore space in test sand was occupied and densified by CaCO 3 , so the mass of treated sand specimen was elevated after treatment. Since the thickness and dimensions of the treated sand specimen remained the same, the bulk density was increased accordingly. us, the bulk density of the treated specimen increased as the number of treatment cycle increased. Figure 6 (a) presents the appearance of sand specimen no. 0 before and after wind erosion resistance test. Some cracks were clearly observed on top surface of the specimen before the test. It might be because of the excessive evaporation during the curing period. After the wind erosion resistance test, it is indicated that the cracks were fully developed and became even much wider as shown in Figure 6 (a). Moreover, loose sand particles were found below the cracks without any cohesion. It is demonstrated that untreated sand specimen has a very low ability to resist wind erosion and cannot be applied in engineering practice in desert areas.
Appearance Analyses.
Appearance of sand specimens (no. 1, 2, 3, and 4) before and after wind erosion resistance tests is shown in Figures  6(b)-6(e) . It is found that a 2.5 mm thick hard sand layer was formed on top surface of specimen no. 1 as shown in Figure  6 (b). By using the spraying method in the experiments, MICP-induced CaCO 3 was precipitated mostly at shallow depth; thereby, the sand particles were bonded together near top surface. However, there were still some small cracks observed before the wind erosion resistance test, and they were extended and widened during the test. In comparison, the thickness of hard sand layer of specimen no. 2 was increased to 3.5 mm due to the increasing number of treatment cycles, and no sand particles were blown away in the test (Figure 6(c) ). Similar phenomenon was also observed for specimen no. 3 as shown in Figure 6(d) , and thickness of the top sand layer was 5 mm. But the cracks were smaller and shorter than specimen no. 1 and no. 2, which also proved that the wind erosion resistance of specimen no. 3 was improved to some extent. As shown in Figure 6 (e), the thickness of sand layer at top surface for specimen no. 4 was increased to 6 mm without any obvious cracks. After the wind erosion resistance test, the appearance of the specimen showed no visible change. It is demonstrated that the wind erosion resistance of MICP-treated sand with four treatment cycles was significantly improved.
Because the sand specimen was sprayed by bacterial and cementation solutions from top surface, the microbialinduced precipitation of CaCO 3 crystals were most likely to accumulate and aggregate at shallow depth below the top surface of the sand specimen. e CaCO 3 content was increased, and finally, relatively hard sand layers were formed near the top surface. Additionally, with the increasing number of microbial treatment cycles, the thickness of sand layer was increased, the cracks observed at top surface were less, and thereby the wind erosion resistance was improved accordingly. Moreover, such hard sand layer at top surface can also protect the loose sand particles at deep depth from wind erosion. Figure 7 presents the wind erosion rate of MICP-treated sand. It is evident that the erosion rate of the specimen with only water treatment (no. 0) was rapidly increased in the first 20 min after the wind erosion resistance test started and then almost remained constant at a level of around 10.23% until the end of the test. Moreover, the wind erosion rate of the untreated sand specimen was much higher than the MICP-treated sands, revealing that its wind erosion resistance was extremely low. Similarly, the erosion rate of specimen no. 1 was also increased in the first 10 min and kept unchanged at around 3.69% subsequently. It is noted that the abovementioned huge increase of erosion rate in the beginning of the test is mainly because that the loose sand particles were blown away from the tray. In comparison, the erosion rate of specimen no. 2 was only gradually increased with time in the test. Additionally, the erosion rates of specimen nos. 2, 3, and 4 were considerably reduced by 63.97%, 94.75%, and 97.76%, respectively, as compared with the untreated specimen (no. 0). It is found that the average decrease of wind erosion rate was around 60.3% with the each increment of MICP treatment cycle. Consequently, the use of the MICP technique can effectively improve the wind erosion resistance of sands, and such improvement is positively proportional to the number of MICP treatment cycle. 
Wind Erosion Rate.
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UCC Strength.
During the UCC tests, it was found that as the number of treatment increased, more CaCO 3 precipitation in specimen was detected. Brittle failure occurred suddenly on the MICP-treated sand specimen as the deviator stress continued increasing in the tests. After failure occurred, some crushed sand particles collapsed, but some undamaged part of the specimen still maintained a relatively high strength by observation. Figure 8 presents the UCC strength of MICP-treated sands. It is indicated that the average strength of specimen no. 1 and no. 2 was around 1 MPa, which was almost three times lower than the strength of specimen no. 3 and no. 4. is is consistent with the previous experimental results of wind erosion resistance tests. As the number of MICP treatment cycle increases, the content of MICP-induced CaCO 3 is increased, leading to a higher bonding strength among sand particles. us, the UCC strength of the treated sands will be increased.
Scanning Electron Microscopy (SEM) Analyses.
In order to investigate the mechanism of solidi cation and cementation of MICP-treated sand under microscopic conditions, a small amount of sand specimen no. 4 at top surface was used to perform SEM analyses after the wind erosion resistance tests. e underlying mechanism of wind erosion resistance of MICP-treated sands will be clari ed in this section.
Figures 9(a) and 9(b) present SEM images of untreated and MICP-treated sands with di erent magni cations. In Figure 9 (a), it is indicated that the sand particles had relatively smooth surface without any adhered materials and were separated with each other; thereby, there was no bonding among them in untreated sands. As shown in Figure 9 (b), the surface of the sand particles was rough, the pore space among the particles became smaller, and the sand particles were bonded together as a whole soil body. As shown in Figure 9 (c), it is found that small MICP-induced CaCO 3 crystals generated on the surface of sand was densely packed on the surface of sand particles. Moreover, it is also observed that the CaCO 3 crystals were aggregated at particle contact points, which is because the microorganism is more easily adsorbed in a relatively small space. is phenomenon also demonstrates that the CaCO 3 crystals induced by the MICP technique among sand particles is the main cause of increase in strength of the MICP-treated sand, and it also clari es the mechanism of using the MICP technique to reinforce soils. Moreover, the CaCO 3 crystals were basically in spherical shape adhered on surface of sand particles as shown in Figure 9 (d), Figure 10 shows the schematic of sand particles encapsulated by CaCO 3 crystals. During the MICP treatment, bacterial solution is rst in ltrated into the sand, and the initial sand pore space will be occupied by the bacteria (Sporosarcina pasteurii).
e urea is then hydrolyzed to generate CO 3 2− through metabolic activity of the bacteria. CO 3 2− was transported into surrounding environment and quickly reacted with Ca 2+ in the cementation solution to produce CaCO 3 .
ereafter, a large amount of CaCO 3 crystals will be generated from hundreds of thousands of bacteria to ll the sand pore space and bond loose sand particles together as shown in Figure 10 . As a result, a hard sand layer is formed on the top surface of the sand specimen that can resist cracking and wind erosion in wind erosion resistance tests as presented in previous sections.
Summary and Conclusions
In this study, a series of small-scale laboratory experiments using the MICP technique and spraying method were conducted on sands to investigate its wind erosion resistance and strength. e main conclusions can be drawn as follows: (1) It is feasible to use the MICP technique and the spraying method to reinforce sands for mitigation and prevention of aggravation of desertification. A thin hard sand layer with a certain strength formed on top surface of sand was able to resist cracking and wind erosion and control the diffusion of dust. e thickness and strength of the hard sand layer were increased with the number of MICP treatment cycles. (2) e wind erosion rate of the untreated sand was as high as 10.23%, whereas it is less than 0.4% for the treated sand when the number of MICP treatment cycles was more than three. e erosion rate of treated sand with four treatment cycles was reduced by more than 90% than the untreated sand. Additionally, the UCC strength of MICP-treated sand was more than 4 MPa when the treatment cycles were greater than three. (3) Based on the SEM analyses, it is concluded that the MICP-induced CaCO 3 crystals being formed in sands to fill the pore space and bond sand particles together that significantly contributed to the improvement of UCC strength and wind erosion resistance of MICP-treated sand. (4) Further study is still needed to investigate the effect of released ammonia on environment in the process of MICP treatment and the durability of MICPtreated sand, including rain scour resistance, aging resistance, and freeze-thaw resistance, for environmental protection and sustainable development.
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